Background: Previous studies in adults and older children find that sugar-sweetened beverage (SSB) consumption increases risk for obesity and cellular aging, as measured by leukocyte telomere length (LTL).
Background

Sugar-Sweetened Beverages and Obesity
A
number of previous studies have demonstrated an association between sugar-sweetened beverages (SSB) consumption and adverse outcomes in children, particularly obesity and unhealthy weight gain. 1, 2 Public health interventions have sought to delay the introduction of SSB as well as amount consumed as means to address the obesity epidemic. 3 However, there appears to be an age effect with SSB consumption, as some studies do not show an association between SSB and obesity in younger preschool children even in the context of high consumption ( ‡1 serving/day). 4 It is possible a number of years of consumption are needed before development of obesity or metabolic changes precede the development of obesity. In our study, we sought to investigate the role of SSB consumption in the first 2-3 years of life on leukocyte telomere length (LTL) at 2 years, as a possible marker of the adverse impact of SSBs on metabolic health, in relation to child obesity.
LTL as Biomarker of Inflammation
Telomeres are the repetitive nucleotide sequences that form the caps on chromosomes, helping prevent degradation and abnormal recombination of DNA strands. With each cell division, telomeres shorten, but the process is accelerated through exposure to oxidative stress and inflammation. Shortened telomeres may accelerate aging through increased production of cytokines, starting an inflammatory cascade. Shorter telomere length has been shown to be associated with a number of adverse cardiometabolic outcomes, such as stroke, myocardial infarction, and type 2 diabetes mellitus. 5 
SSB's and Telomere Length
Previous studies have investigated the relationship between shortened telomere length and SSB consumption, primarily in adults. Findings in three studies have been mixed with three positive findings and one null finding. One study found that sugar-sweetened carbonated soda consumption was associated with increased risk for shorter telomere length in adults using National Health and Nutrition Examination Study data (NHANES) (n = 5309), 6 whereas a smaller multiethnic cohort (n = 840) did not find an association between sugar-sweetened soda intake and telomere length. 7 Additionally, a study of 1958 Korean middle-aged adults found that greater SSB consumption were associated with shorter telomere length, when measured 10 years later. 8 Additionally, there have been two secondary analyses that uncovered relations between SSBs and LTL over time. Our previous study with another San Francisco-based Latino cohort of children found that high levels of sugar-sweetened soda consumption at 3 years of age was associated with accelerated attrition from 4 to 5 years of age 9 and in a pregnant cohort reductions in SSB intake were associated with apparent telomere lengthening. 10 As the childhood years, particularly those from 0 to 4 years, are associated with the greatest telomere length attrition compared with later childhood and adulthood, [11] [12] [13] our study sought to investigate the relationship between telomere length at 2-3 years, telomere length attrition from 0 to 2-3 years, and SSB consumption from birth. These early years of childhood are the time when sodas and other sugared beverages are first being introduced and beverage consumption patterns are being formed, and as such may provide an indication of the role of these beverages on cellular aging in young children in different weight categories.
Methods
The Latino, Eating and Diabetes cohort (LEAD) has been previously described in other publications, including specifics of inclusion, exclusion, and recruitment. 14, 15 Briefly, mothers were recruited during pregnancy at Zuckerberg San Francisco General Hospital (ZSFGH) and followed up through delivery until 3 years of age. Mothers who had any contraindication for breastfeeding or reported drug or alcohol abuse in pregnancy were excluded from the study. Follow-up was conducted at birth, 4-6 weeks, 6 months, 12 months, and annually thereafter until age 3. Cord blood was collected at birth so as to measure LTL and dietary intake and weight and length/height and waist circumference parameters were collected at 4-6 weeks of age, 6 months, 12 months, and annually thereafter. Whole blood for LTL analysis was subsequently collected through venipuncture blood draw between 2 and 3 years of age. All mothers provided written consent for themselves and their children. The study was approved by the Committee on Human Research (CHR), the Institutional Review Board of the University of California, San Francisco.
Telomere Length Assays
Genomic DNA was purified from cord blood collected at birth and venous blood collected at 2-3 years with the QIAamp DNA Blood Mini Kit (Cat# 51106; Qiagen, Hilden, Germany). Acceptance criteria were OD260/OD280 between 1.7 and 2.0 and concentration greater than 20 ng/lL. Telomere length is expressed as T/S (the ratio of telomeric product vs. single-copy gene product). The quantitative polymerase chain reaction (qPCR) telomere length measurement assay was adapted from the published original method by Cawthon 16 and Lin et al. 17 and as previously described in Wojcicki et al., 9, 11 To control for assay batch difference between the cord blood samples and year 2-3 samples, DNA was extracted again from 32 cord blood samples separately stored at -80°C and assayed together with the year 2-3 samples. An adjustment factor was derived by comparing the current cord blood sample T/S ratios to those initially assayed and applied to the current year 2-3 samples. 14 
Outcome
Our primary outcome of interest was telomere length (T/S Ratio) at 2-3 years of age. Our secondary outcome of interest included telomere length change from birth to 2-3 years of age adjusted for years of age at the second time point of collection.
Predictors
Our primary predictor of interest was SSB consumption (defined as soda, Kool-Aid, Hi-C, sweetened juices, and other beverages with added sugar), including age of introduction and servings consumed, and secondary predictors included other beverages, such as 100% fruit juice, flavored milks, and duration of breastfeeding and exclusive breastfeeding. At 4-6 weeks, 6 months, and 12 months we collected information on introduction of beverages only, not quantity consumed. At 24 months of age, we collected information on frequency of consumption per month. We analyzed beverage consumption as age/timing of introduction of beverages as well as frequency of consumption at 24 months of age, including SSB, flavored milks, and 100% fruit juice analyzed continuously and dichotomously ( ‡3 · /week and less). We did not collect data on total quantity consumed, but rather parents responded how frequently children consumed specific items.
Secondary predictors of interest included child weight and obesity at different time points (6, 12, and 24-36 months) defining obesity as ‡95th percentile using weight for length measurements (for children under 2 years) and body mass index (BMI) (for children 2 years and older) using the Centers of Disease Control (CDC) growth curves. 18 We also assessed birthweight in grams and weight for length Z score at birth 18 in relation to telomere length at 2-3 years of age. We additionally assessed abdominal obesity defined as ‡90th percentile in relation to LTL. 19 
Covariates
Primary covariates that we assessed in relation to our outcomes of interest included maternal education level (high school diploma or less education than a high school diploma), maternal age (continuous and advanced [ ‡35 years and <35]), child sex (male vs. female), total household income ( ‡$25,000/year versus <$25,000/year), and maternal 150 WOJCICKI ET AL.
ethnicity (Mexican vs. Central American origin based on self-report) as previously reported. 19 
Statistical Analysis
As our outcome of interest was LTL at 2-3 years of age and change in LTL from birth to 2-3, we graphically assessed the distribution of the data for both outcomes. Both outcomes were normally distributed as indicated by the Shapiro-Wilk, Shapiro-Francia, and the Skewness-Kurtosis tests. We used t-tests to assess relationships between dichotomous predictors and mean LTL at age 2-3. As our outcome was smaller for change in LTL from age 0 to 2-3 years, we used a nonparametric assessment, Wilcoxon two-sample sign rank test. Linear regression was used for continuous predictors. Variables that were significant at p < 0.10 in bivariate analysis as were those that we were particularly interested to assess (SSB) were included in multivariable models with the exception of variables that had fewer than five observations in cells. We subsequently evaluated any potential confounding and interactive relationship between obesity and abdominal obesity status and SSB consumption using interaction terms in our models given previous findings that SSB consumption and obesity are associated with accelerated telomere attrition, 9, 10 and the association between SSB consumption and weight status in children. 4 Proportional distribution of select variables of interest, including SSB consumption were plotted using K density curves in Stata 13.0.
Results
Predictors of Telomere Length at 2-3 Years
There were 61 children who had LTL measured at 2-3 years of age (mean 2.4 years -0.6 standard deviation [SD]). Mean telomere length was 0.58 -0.20 T/S Ratio ( Table 1) .
Sociodemographic factors. We did not see any differences in telomere length at 2-3 years, based and demographic factors, including maternal education level, maternal Obesity. Children who were obese at 6 months of age had shorter telomere than those who were not obese, with marginal statistical significance (1.60 -0.20 vs. 1.46 -0.14; p = 0.06) ( Table 2) . We found no significant differences in telomere length in relation to obesity or waist circumference at other time points in infancy and early childhood and no differences based on breastfeeding duration, exclusivity, or timing or frequency of consumption of beverages. We also did not find any association between birthweight in grams ( p = 0.80) or birth weight for length Z score in relation to telomere length at age 2-3 ( p = 0.95).
Sugar-sweetened beverages. By 2 years of age, 61.5% were drinking sodas and SSB in contrast with 96.3% who were drinking 100% fruit juice. Mean frequency of consumption of SSBs was low at 4.69 -6.73 times per Telomere length attrition from 0 to 2 years
Mean yearly change in telomere length was -0.08 -0.09 T/S ratio from 0 to 2-3 years of age. We had only 30 children that had repeat samples from 0 to 2-3 years of age to measure change. We did not see any difference between rate of attrition and child sex, maternal ethnicity, age, or marital status (Table 1) . Children of mothers who had a high-school diploma appeared to have faster rates of attrition compared with those who did not (-0.06 -0.09 vs.
-0.15 -0.09), although results were not statistically significant ( p = 0.06).
We did not find any significant differences in rate of telomere attrition based on childhood weight status at different points in childhood (Table 2) or beverage intake. Children who were introduced 100% fruit juice by 6 months of age appeared to have more accelerated shortening, but the results were not statistically significant (-0.13 -0.06 vs.
-0.05 -0.17; p = 0.10) ( Table 2 ). 
Multivariable Regression
We use multivariable regression models to assess independent predictors for telomere length at age 2-3, including obesity at 6 months and 2-3 years of age, SSB consumption at 2 years, gender, and age of telomere collection at 2-3 years into our model. This model showed that consuming higher levels of SSB was significantly associated with reduced telomere length (Beta Coeff = -0.009, 95% [CI -41.80 to -0.02 to -0.0008]; p = 0.03) ( Table 3 and Fig. 1) .
In a separate model, we included an interaction term between obesity and increasing SSB consumption that was significant (Beta Coeff for interaction term between obesity and SSB = 0.04, 0.006-0.07; p = 0.02), indicating that the effect of higher SSB consumption was greater among nonobese children (Beta Coeff = -0.012, 95% [CI -0.02 to -0.004]; p < 0.01).
We conducted a second multivariable regression model so as to investigate risk factors for accelerated attrition, finding that telomere length at birth strongly predicted telomere length at 2-3 years of age with increasing length at birth associated with accelerated attrition (Beta Coeff = -0.21, 95% CI -0.34 to -0.07) ( Fig. 2; Table 4 ). Male sex bordered on statistical significance for having accelerated attrition (Beta Coeff = -0.06, 95% CI -0.12-0.004).
Discussion
Sugar-Sweetened Beverages
This is the first study to suggest that increasing amounts of SSB can have a deleterious impact on cellular health by age 2-3 as indicated by shorter LTL. The relationship was not significant when examined without adjusting for confounding factors such as age at collection, sex, and BMI. However, in the multivariate model, after adjusting for these factors, SSB intake was significantly related to shorter TL. In addition, we found that this relationship was stronger in the nonobese children. Nonobese children who drank more sugary drinks were more likely to have shorter telomeres.
While adult studies have similarly found an association between excessive SSB consumption and shorter LTL, 10 to find an association at such a young age, particularly in children who are not obese, stresses the importance of preventing and delaying consumption of SSBs in preschool children. Furthermore, as the mean monthly consumption on average in our cohort was relatively low (4.7 -6.7 servings per month), and those that consumed SSB three or more times per week was also low at 11.9%, our findings indicate that even a minimal amount of SSBs can have a negative impact. Even at this low rate, SSBs adversely impacted cellular health, particularly in children who were not yet obese.
Differential Impact of SSB on Nonobese Children
Previous studies with preschool age children have found that SSB consumption is only associated with obesity as children reach older preschool age (4 and 5 years vs. 2-3 years). 4 Furthermore, increased SSB intake may first impact cardiometabolic indicators of health, including cholesterol levels, fasting insulin and glucose, and waist circumference before impacting BMI in older children. 20, 21 Meanwhile, we did not see any association between telomere length and waist circumference at 2-3 years of age, waist circumference >90th percentile, or obesity at 2-3 years of age. Early obesity at 6 months of age neared statistical significance for association with shorter telomere length at age 2-3 similar to our previous study with older children in the Hispanic, Eating and Nutrition (HEN) cohort. 9 Telomere length may be particularly sensitive to inflammation and reactive oxygen species damage in infancy and early childhood, and these processes may happen before the onset of obesity. It is not clear why SSB consumption had a stronger effect on the leukocyte telomeres of those children who were not yet obese at 2-3 years. We did not adjust for total energy intake in the children, as it was not available for the majority of the sample, so it is possible that obese children may have had higher overall energy intake, eclipsing the overall significance of SSB, in contrast with nonobese children Meanwhile, however, the differential impact of SSB consumption on telomere length in obese versus nonobese children indicates the complexity of metabolic disease development. Increased cytokine production from larger adipocytes may be responsible for a higher inflammatory burden that may minimize the effect of any SSB consumption, particularly in smaller amounts. 22 However, children who are not yet obese, may be more sensitive to the Telomere length at birth, T/S ratio -0.21 -0.34 to -0.07 <0.01
All listed variables are adjusted for in the above model.
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deleterious impact of SSB, as they do not have the same high inflammatory burden as obese children. We did not find any difference in SSB consumption patterns between obese and nonobese children at 2 years of age, with both having relatively low rates of consumption (3 -4.5 vs. 4.6 -6.5 servings per month; p = 0.45).
Telomere Attrition from Birth to 2 Years of Age
This is also the first study to evaluate attrition from birth to 2 years of age finding that the most significant predictor of attrition rate in early childhood is telomere length at birth. This finding may be related to the phenomenon of regression to the mean. Another study of cord blood telomere length at birth found that the variance at birth in telomere length was similar to that for adults, suggesting that much of our telomere length profile is created in utero, 23 and stresses the importance of better understanding those factors that impact telomere length shortening in utero. Male children also had greater attrition than females in the first 2-3 years of life, although the results bordered on statistical significance ( p = 0.06). Female children had slightly longer telomeres at birth as we and others have shown, 23, 14 although ours is the first to suggest that in addition to shorter telomeres at birth, males may have accelerated attrition. Notably this is in spite of the well-known effect that longer baseline telomere length leads to greater attrition.
Limitations
Our results are preliminary as our sample size was small and further studies need to be conducted in larger population groups. Furthermore, while Latinos are at particularly high risk for obesity, particularly in comparison with nonHispanic whites, additional studies are needed with diverse, multiethnic groups so as to compare the differential impact of environmental exposures such as SSB on early risk for obesity and metabolic disease. Additional studies are also needed that adjust for total energy intake in addition to SSB intake. Follow-up studies, to assess weight gain and metabolic disease development, are needed, as our group is currently conducting, to better understand the stronger association we found with nonobese children for SSB consumption and shorter telomere length. Lastly, we used quantitative polymerase chain reaction-based methods to assess telomere length, which some studies have found to have a larger measurement error than Southern blots. 24, 25 Additional studies are needed using other methods to assess telomere length including Southern blot.
